Introduction
The Massachusetts Institute of Technology and the Charles Stark Draper Laboratory have undertaken a systematic program of theoretical and experimental research regarding the application of advanced control and instrumentation to nuclear reactors. One objective of this program has been the development of closed-loop control systems. It is believed that the use of such systems would improve safety and efficiency by enabling licensed operators to monitor a plant without having to simultaneously manipulate it. The design objectives adopted for this controller were that its actions should never result in a challenge to the reactor's safety system, that it should be separate from the safety system, and that its performance should be at least comparable to that attainable by licensed operators.
Accomplishment of these objectives was contingent upon designing the controller to recognize that reactor dynamics are non-linear, to allow for the effect of various power-dependent feedback mechanisms (e.g., temperature, xenon, fuel depletion), and to recognize that control mechanisms have both finite speeds and non-linear worths. A controller that fulfills these objectives has been designed and demonstrated on the MIT Research Reactor. Designated as the MIT-CSDL NonLinear Digital Controller or NLDC, it has been shown to be capable of both raising and lowering the reactor power in an efficient manner while using a rod of nonlinear differential worth in the presence of non-linear feedback effects. The NLDC has thus far been used over the range of 20-95% of the reactor's rated power.
The objectives of this paper are to (1) Specifically, given that precursors have finite lifetimes, the delayed neutron population will lag its equilibrium value during power increases and lead it during decreases.
As a result, mismatches exist between the equilibrium and the the actual delayed neutron populations during power changes and, owing to these mismatches, the reactor power can only be brought to and kept at steady-state by making time-dependent adjustments in the reactivity. A further complication is that the rate at which reactivity can be removed from a reactor is, under non-scram conditions, finite. Hence, even with the direction of control mechanism motion reversed, reactor power could still rise if sufficient positive reactivity had been initially present. This explains why it is possible to have a state in which the reactor's power is currently below the allowable but from which an overshoot can not be averted using a given control mechanism. Additional information is given in [2] .
Dynamic Period Equation
Reactors which have close-coupled cores may be described by the point kinetics equations. Subsequent to making the prompt-jump approximation, these equations may be combined [2] to obtain:
where:
T(t) is the -ieactor period,
8 is the effective delayed neutron fraction, p(t) is the reactivity, p(t) is the rate of change of reactivity, X (t) is the effective one-group decay constant, and e (t) is the rate of change of the effective one-group decay constant.
The effective, one-group decay constant is time dependent because the relative concentrations of the various delayed-neutron precursor groups change depending on whether power is being increased or decreased. Equation (1) is referred to here as the "exact" form of the dynamic period equation. The objective is to use (1) to obtain guidance on when to initiate changes in the signal to the reactor control mechanism. Accordingly, the third term in the denominator can be neglected because, for the transients being studied, that term is small at the time that a signal reversal is required. Also, it changes sign almost immediately following a change in the direction of travel of the control mechanism and therefore need not be considered in a decision on when to change that direction. The result, which is designated here as the "approximate" form of the dynamic period equation, is:
The quantity Xe(t) is normally approximated by the value that it approaches when the reactor is on an asymptotic period, A e(t). This substitution is desir- 
The corresponding expression for power decreases is:
The terms on the left in (6) are the rates of change of the net reactivity present. Included are feedback ef- fects as well as changes in reactivity induced directly by the control rods. This contrasts with the terms on the right which pertain only to the reactivity associated with the designated control mechanism.
(Note: Assuming negative coefficients, feedback effects will offset the net reactivity.) Another restricion is that the reactivity associated with moving the control rod from its position when the decision is made to commence halting the transient to the limit of the range of rod heights permitted by (6) must exceed the net reactivity present. It should be recognized that these range restrictions are not unique to closed-loop control. They represent limits on the utility of any control mechanism regardless of whether the control is manual or automatic. However, they may be of special concern to a closed-loop system if either that system lacks access to all available control mechanisms or if it is not programmed to shift from one control mechanism to another when appropriate.
Reactivity Constraints and Reactor Control
A controller based on the sufficient reactivity constraint and on a control law that simulated operator instructions was designed and tested. This algorithm, the MIT-CSDL Non-Linear Digital Controller (NLDC), uses the reactivity constraint to monitor and, if necessary, override the decision of the control law. As far as the experiments described here are concerned, the control law was deliberately chosen so that the constraints would be limiting [3, 4] . Reactivity was calculated via a balance. The constraints were evaluated at a frequency of one second.
Control is continuously feasible if the reactivity is within the bounds of the absolute constraint. These bounds are not symmetric about the origin because the magnitude of the effective, one-group decay constant depends on whether power is being raised or lowered. Once the reactivity exceeds these bounds, control is only guaranteed to be feasible at the desired power level. Figure One depicts There is still positive reactivity present in the core at this time and the dynamic effect of control mechanism insertion is required to counter this positive reactivity. Hence, the control mechanism must be driven in continuously at this time. As the reactor power settles out, the available time remains zero. The required time becomes negative, eventually resuming its original value of (-l/Xe)o Figure Two contrasts two power increases of 1.2-3.0 MW. One was accomplished with the sufficient constraint while the other was subject to the absolute constraint.
Figure Three contrasts the corresponding reactivity insertions.
As expected, the controller that is limited by the absolute constraint requires much more time to accomplish the power change. When using the absolute constraint, the NLDC withdraws the control rod until reactivity equal to (1PI/Ae) has been inserted since this is the amount that can be immediately negated by reversal of the direction of rod travel. Note that the reactivity allowed by the absolute constraint decreases slightly during the transient because the value of the effective one-group decay constant is increasing as a result of the short-lived precursors being favored during the power increase.
The results of many other experimental tests of the MIT-CSDL Non-Linear Digital Controller are given in [31 and [4] .
Conclusions
The major contribution of this research is the enumeration and experimental demonstration of a set of general principles for the closed-loop control of reactor power.
Foremost among these is the idea of restricting the net reactivity so that a power transient can be rapidly halted by merely reversing the direction of travel of the associated control mechanism. Following from this principle are the concepts of feasibility of control, the absolute and sufficient reactivity constraints, and the required and available times.
The function of the reactivity constraints is to review the decision of whatever control law is being used to regulate the reactor power and, if necessary, override that decision. The value of this approach is that it provides assurance that no automatic controller will ever challenge the reactor safety system regardless of the control law being employed.
